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I.  INTRODUCTION 


While  engaged  In  a  acudy  of  solid  explosive  detonation  via  small  projec¬ 
tile  Impact,  Reference  (1],  a  scheme  was  developed  to  theoietlcally  compute 
the  lowest  one-dlmenslonal  shock  pressure  required  to  initiate  reactions 
leading  to  detonation  in  a  solid  explosive. 

A  threshold  particle  velocity  criteria  derived  by  E.  R.  Fitzgerald  [2] 
for  the  onset  of  crystal  lattice  disintegration  has  been  shown  to  agree  rather 
well  with  the  lowest  particle  velocity,  and  hence,  shock  velocity  and/or 
shock  pressure  required  to  initiate  reactions  leading  to  detonation  in  certain 
explosives.  In  addition,  the  relation  has  also  been  employed  to  compute  the 
lattice  breakup  shock  conditions  for  an  inert  nonexplosive  material,  polymethyl 
methacrylate  (PMMA).  This  result  agreed  well  with  an  experimentally  observed 
shock  pressure  level;  above  which  shocked  thermocouple  output  Increased  rapidly 
with  increased  shock  pressure. 

Similar  shocked  thermocouple  data  were  also  available  for  one  explosive, 
PBX-9404.  ?he  computed  lattice  breakup  shock  pressure  for  PBX-9404  agrees 
rather  well  with  both  the  pressure  level  for  increased  thermocouple  response, 
and  the  experimental  shock  pressure  necessary  to  Initiate  reactions  leading 
to  detonation. 

It  is  known  that  a  porous  explosive  requires  less  shock  pressure  to  Ini¬ 
tiate  detonation  than  the  same  explosive  which  is  less  porous  or  more  dense. 

It  Is  shown  analytically  and  numerically  that  the  shock  pressures  (or  particle 
velocity)  necessary  for  crystal  lattice  breakup  also  decreases  as  the  material 
density  decreases.  This  Is  suggested  as  an  explanation  of  the  observed  poros¬ 
ity  sensitivity  effect. 

Although  additional  investigation  is  needed,  It  is  tentatively  concluded 
that  the  onset  of  crystal  lattice  disintegration  Is  responsible  for  reactions 
leading  to  detonation  of  explosions  via  shock  pressure  Input.  Also,  it  is 
physically  plausible  that  crystal  lattice  fracture  Is  responsible  for  the 
enhanced  thermocouple  response  above  a  certain  pressure  level  in  shocked 
materials . 
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II.  FITZGERALD'S  CRYSTAL  LATTICE  FRACTURE  OR  DISINTEGRATION  PARTICLE  VELOCITY 
CRITERIA 

From  pc-.'Clcle  dynamics  considerations,  Fitzgerald  ([2],  Chapter  III)  de¬ 
rived  the  following  relation  for  the  velocity  of  a  particle  (in  a  crystal 
lattice)  necessary  to  produce  lattice  disintegration.  He  called  this  the 
phonon  fission  velocity,  Vf,  which  is: 


(2) 


(3) 


=  limiting  free  particle  velocity  which  can  occur 
without  permanent  lattice  deformation  (plastic 
flow);  or  the  limit  propagation  velocity  for 
particle-momentum  vaves  in  a  stationary  lattice. 


-  A  mean  sound  velocity  defined  such  that  the 
dissociation  energy  of  an  atom  of  mass,  m, 
is  m  Cg^ 

The  quantities  appearing  on  the  right-hand  side  of  Equations  (Eqs.)  (3) 
and  (4)  are  defined  as  follows: 


h  »  Planck's  constant 


-  6.626196  X  10-27 


sec 


d]^  =  Closest  distance  between  the  atoms  in  a  crystal 
lattice,  or  the  atomic  spacing  in  a  slip  direc¬ 
tion.  Units  are  angstrom  units, 

AO  (ao  -  10“®  cm) 


m  =  Mass  of  one  atom,  grams. 


Ct  ■  Elastic  transverse  or  shear  wave  velocity, 
cm/p  -  sec 


C]^  =  Elastic  longitudinal  wave  velocity,  cm/ p 


sec 


With  respect  to  Vf,  Fitzgerald  points  out  that  self -sustained  fission  Is 
possible  if  fragments  of  the  broken  lattice  strike  other  lattice  sections  and 
the  process  Is  repeated.  Then  he  says:  "The  explosive  nature  of  certain 
fractures  may  arise  from  this  source,"  f(^l»  P*  81). 

111.  MINIMUM  CRYSTAL  LATTICE  FRACTURE  SHOCK  VELOCITY  AND  SHOCK  PRESSURE 


Consequently,  It  seemed  likely  that  lattice  breakup  phenomena  could  also 
initiate  reatftlons  leading  to  detonation  in  explosives.  If  so,  then  Vf  would 
be  the  minimum  particle  velocity  (due  to  impact  or  shock)  required  to  cause 
detonation  for  one-dimenslonal  large  sample  conditions.  The  corresponding 
shock  velocity,  Ugf,  and  shock  pressure,  Pgf,  are; 


Ugf  =  Co  +  S  *  Vf 

(5) 

^sf  "  Po  8sf  Vf 

(6) 

With  respect  to  Eq .  5,  experimental  results  reveal  that  the  shock  veloc¬ 
ity  is  a  linear  function  of  the  particle  vt'ocity  for  many  materials.  Co 
and  S  (a  constant)  have  been  determined  for  ma  y  metals,  plastics,  and  explo¬ 
sives  ([3]  through  [7]).  Co  Is  a  constant  elm,  and  is  equal  to  the  bulk  sound 
velocity  for  most  materials.  The  shock  velocity  may  be  a  nonlinear  function  of 
the  particle  velocity  for  certain  substances.  In  that  case,  Ug  can  be  found 
from  tables  or  graphs  of  Ug  as  a  function  of  Up.  Table  I  contains  Co  and  S 
information  for  the  shocked  explosives  and  materials  considered  In  this  report. 
The  sources  of  this  Information  are  also  listed. 


Equation  (6)  is  the  well  known  expression  for  shock  pressure.  Pgf  Is 
the  product  of  the  material  density  (po).  shock  velocity  (Ugf),  and  the  par¬ 
ticle  velocity  (Vf). 

Numerical  values  of  the  three  quantities,  Vf,  Ugf^  and  Pgf  may,  thus,  be 
computed  and  compared  with  experimental  data  for  any  phenonmena  which  might  be 
associated  with  lattice  disintegration. 


The  particle  fracture  velocity  Vf,  Is  a  function  of  two  velocities,  V^, 
and  Cg ,  via  Eqs.  (1)  or  (2).  The  computation  of  Vi^  requires  the  knowledge  of 
two  quantities,  m,  and  d;.  For  the  compounds  and  mixtures  considered  herein, 
m  is  mgv,  the  average  weight  of  a  single  atom  In  the  material.  It  Is  a 
constant  for  a  given  material  and  can  be  computed  from  the  chemical  formula  or 
composition  Information.  The  distance  df  will  be  a  function  of  the  density  or 
specific  weight  (pq)  and  may.  It  is  computed  as  follows: 


N  (Grams)  Atoms 

cm-^ 

(Grams) 

Atom 


(7) 


3 


Considertrite  that  each  atom,  on  the  average,  occupies  a  small  cube  whose 
side  is  d]^,  then 


d 


3 

I 


1 

h’v  Oo 


cm- 


(8) 

(9) 


Thus,  from  Eqs.  (3)  and  (9): 

V  -  ^  (10) 

^  2 

Since  h  is  a  constant,  and  for  a  given  material,  mgy  is  a  constant, 

then: 


Vl  -  K  (po)^/^ 


(H) 


Where ; 

K  - - - - r-pr 

From  Eq.  (11),  will  decrease  as  the  density  decreases,  or  as  the 
material  becomes  more  porous. 


The  elastic,  wave  velocities,  Ci  and  C^,  will  normally  decrease  as  the 
consity  decreases  also.  Thus,  from  Eq.(4),  Cg  will  also  decrease  as  the 
mat  irlal  becomes  less  dense  or  more  porous. 


It  follows,  then,  from  Eqs.  (1)  and  (2),  that  V(^  will  decrease  as  the 
density  decreases  or  porosity  increases. 

The  shock  velocity,  Ugf,  will  be  affected  by  porosity  also;  not  only  by 
the  Vf  or  particle  velocity  contribution  (Eq.  (5)),  but  the  form  of  the  rela¬ 
tionship  may  change.  In  general,  the  shock  velocity  will  decrease  (for  a 
given  particle  velocity)  as  the  density  decreases  or  porosity  increases.  Note 
the  characteristics  of  Tetryl  described  in  (20). 


Finally,  the  lattice  fracture  shock  pressure,  Pgt,  will  decrease  via  ttie 
product  (po*  Ugf*  Vf)  as  the  density  decreases  and  porosity  Increases. 

The  variation  of  Vf,  Ugf,  and  Pgf  with  material  density  (dq)  has  an 
important  implication  which  will  be  discussed  in  Section  IV. 

Refinements,  with  respect  to  the  computation  of  Vf,  appear  feasible. 
Particular  atoms  or  combinations  of  atoms  and  their  associated  minimum  slip 
distances,  df,  could  be  given  special  attention. 


4 


IV.  THEORETICAL  AND  EXPERIMENTAL  REACTION  THRESHOLD  SHOCK  CONDITIONS  FOR 

EXPLOSIVE  AJ4D  INERT  MATERIALS 

Vf,  Ugf,  and  Pgf  were  computed  for  six  high  explosives  and  one  inert 
material  for  comparison  with  selected  experimental  results.  The  six  explo¬ 
sives  were:  Comp-B3,  Comp-B,  TNT  (pressed),  PBX-9404,  Tetryl,  and  H-6.  The 
inert  material  was  Plexiglas  II,  UVA,  which  is  also  called  PMMA.  The  perti¬ 
nent  results  from  the  computations  are  listed  in  Table  2.  Reference  [7] 
supplied  vital  Information  (chemical  composition,  longitudinal  and  transverse 
elastic  wave  velocities)  for  the  explosives.  Reference  (6]  supplied  this 
information  for  the  PMMA.  Appendix  A  contains  the  computations  for  m^v  and 
di^^  for  the  explosives  and  PMMA. 

Table  3  lists  the  computed  Ugf  and  Pgf  results  along  with  pertinent 
experimental  Information.  Much  of  the  experimental  Information  came  from 
explosive  shock  pressure  sensitivity  tests  such  as  the: 

1.  Large  scale  Gap  Tests,  LSGT  [9] 

2.  Low  Amplitude  Shock  Initiation  Tests,  LAST  [10] 

3.  Modified  Gap  Test,  (8],  [13] 

4.  Small  Scale  Gap  Testa,  SSGT,  [19] 

Some  very  important  experimental  data  came  from  [11]  and  [12].  Reference 
[ll]  documents  a  detailed  investigation  of  burning  and  buildup  to  detonation 
In  pressed  TNT.  Shock  pressures  were  generated  by  impacting  the  explosives 
with  aluminum  plates.  The  results  were  also  employed  in  [12]  for  an  analysis 
of  the  critical  energy  concept.  In  addition,  [12]  also  contains  shock  veloc¬ 
ity  information  acquired  via  an  explosive  wedge  technique.  This  yielded  a 
significant  data  point  which  compared  well  with  Ugf  for  TNT. 

References  [14]  and  [15]  document  thermocouple  temperature  measurements 
in  shocked  materials.  PBX-9404  [14],  and  PMMA  [15],  were  Instrumented  with 
thermocouples  and  shock  loaded  at  various  levels  via  impact.  Above  a  thres¬ 
hold  pressure,  the  theromocouple  inaximvm  output  Increases  rapidly  with  small 
increases  in  shock  pressure  for  both  of  these  nuiutrials.  These  threshold 
pressure  points  are  listed  in  Table  3  along  with  the  computed  value  for  Pgf. 
The  magnitude  comparison  is  quite  good  for  the  PBX-9404,  and  almost  one-to-one 
for  Che  PMMA. 

To  facilitate  an  overall  quick  visual  comparison.  Figure  1  illustrates 
both  the  computed  Pgf  and  the  experimental  large  reaction  shock  pressure  data 
referred  to  above  and  listed  in  Table  3.  In  general,  Pgf  is  either  bracketed 
by  the  experimental  results  or  compares  rather  well  with  a  single  experimental 
point . 

It  is  well  known  that  porosity  affects  the  sensitivity  of  an  explosive  to 
shock  Induced  detonation.  In  general,  less  shock  pressure  is  required  as  the 
explosive  density  is  decreased  or  the  porosity  increases.  For  examples,  see 
[9],  (Figure  4),  and  [11],  [12],  and  [19].  This  observed  detonation  sen¬ 
sitivity  phenomena  is  believed  to  be  caused  by  the  decrease  in  Vf,  Ugf,  and 
Pgf  as  the  density  decreases.  (Section  III). 
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To  compute  Vf  and  hence  Ugf  and  Pgf,  and  Cg  must  be  known  as  a  func¬ 
tion  of  po*  ia’easy  to  compute  via  Eq.  (10).  Cg  is  a  function  of  Ci  and 

Ct  and  these  wave  velocities  will  vary  with  pq.  Sources  for  Ci  and  as  a 
function  of  density  for  the  materials  considered  herein  were  unknown  to  the 
authors . 

Thus,  strlckly  speaking,  precise  or  consistent  values  of  Cg,  Vf,  Ugf, 
and  Pgf  as  a  function  of  material  density  could  not  be  computed.  However, 
for  Tetryl,  a  consistent  computation  was  made  for  one  density  ( pp  “  1.68 
Grams/cc)  and  an  approximate  computation  was  made  for  another  density  ( pp  ■ 
1.50  Grams/cc)  (Table  2).  Vf  was  computed  correctly,  but  Cg  was  the  same  for 
both  densities  since  Cf  and  C,-  for  pp  -  1.68  Grams/cc  was  utilized  In  each 
case.  This  makes  Vf,  Ugf,  and  Pgf  slightly  high  for  the  more  porous  Tetryl 
(pQ  -  1.50  Gram/cc).  Pgf  for  both  of  chene  densities  is  plotted  in  Figure  2 
where  they  are  compared  with  both  LSGT  (9)  and  SSGT  [19]  results.  The  com¬ 
parison  Is  quite  good,  even  though  Pgf  for  pp  “  1*5  Grams/cc  Is  somewhat  less 
than  shown. 

Figure  3  compares  the  single  Pgf  point  computed  for  TNT  ( pp  ■  1.635 
Grams/cc)  with  available  reactive  pressure  test  results  acquired  for  various 
densities.  Pgf  is  less  than  the  comparable  equal  density  SSGT  and  LSGT 
results.  However,  Pgf  agrees  rather  well  with  the  reactive  (Pr)  and  detona¬ 
tion  threshold  (Pq)  pressure  results  reported  in  [11]  which  was  acquired  via 
aluminum  projectile  Impact  testing. 

V.  CONCLUSIONS 

Although  this  la  certainly  not  an  exhaustive  investigation,  enough  Infor¬ 
mation  has  been  presented  to  Indicate  that  the  threshold  shock  pressures  re¬ 
quired  to  Initiate  reactions  leading  to  detonations  in  explosives  may  be 
related  to  a  critical  particle  velocity,  Vf,  sufficient  to  cause  crystal  lat¬ 
tice  fracture,  breakup,  and  disintegration.  Theoretical  and  experimental 
results  have  compared  rather  well  for  six  high  explosives. 

The  trend  of  the  experimentally  observed  mlnlmuin  shock  pressure  to  Ini¬ 
tiate  detonation  In  explosives  as  a  function  o'"  density  is  consistent  with 
the  variation  of  the  crystal  lattice  fracture  shock  pressure,  Pgf,  with 
material  density.  It  Is  shown  analytically  that  I  gt  decreases  as  density  (  pp) 
decreases,  and  it  ie  known  via  experiments  that  the  sliock  magnitude  to  cause 
detonation  decreases  as  the  explosive  becomes  more  porous  [9]  and  [19].  Pgf 
computations  compare  reasonably  well  with  experimental  results. 

In  addition,  It  has  been  shown  for  two  materials  (Pli.X-9404  and  PMMA)  that 
the  shock  level  at  which  a  greatly  enhanced  thermocouple  output  was  observed 
coincides  rather  well  with  the  computed  lattice  fracture  •'hock  pressure,  Pgf. 
In  fact  for  FBX-9404,  Pgf,  Pq  (detonation  threshold),  and  Pr  (thermocouple 
reaction  threshold),  are  all  relatively  close  togetlur.  Thus,  It  Is  strongly 
suspected  that  lattice  disintegration  and  celf-susr alned  phonon  fission  cause 
the  noticeable  Increase  in  temperature  and  this  creates  chemical  reactions 
which  quickly  escaluate  to  detcnatio.i.  Consequently,  It  Is  suggested  that 
other  explosives,  particularly  pressed  TNT  and  Tetryl,  be  Instrumented  with 
thermocouples  and  tested  in  the  same  utanner  as  delineated  In  [lA]  and  [15]. 
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It  Is  very  plausible  from  a  physical  viewpoint  that  crystal  lattice  dis¬ 
integration  would  cause  an  observable  reaction  in  shocked  solids.  The  rather 
Halted  results  of  this  investigation  indicate  that  this  phenomena  may  be 
responsible  for  shock  induced  detonation  of  solid  explosives •  and  the  rather 
large  thermoelectric  response  of  shocked  solid  materials.  Certain  observed 
phase  changes  in  shock  loaded  materials  may  be  caused  by  crystal  lattice  dis¬ 
integration. 

VI.  RECOMMENDATIONS 

Some  recommendations  for  additional  work  have  already  been  made,  either 
explicitly,  or  Impliclty  In  the  previous  sections.  For  easy  reference,  these 
are  restated  here  and  some  additional  recommendations  are  made. 

A.  In  addition  to  PMMA  (Plexiglas  II,  UVA),  [15]  also  contained  thermo¬ 
couple  response  Inforcation  for  a  shocked  epoxy,  EPON  828.  A  threshold  pres¬ 
sure  for  enhanced  thermocouple  output  was  observed  for  this  material.  For 
comparison,  Vf,  Ugf,  and  Pgf  should  be  computed  for  EPON  828.  This  will  be 
done  as  soon  as  possible. 

B.  In  a  manner  similar  to  that  described  in  [14]  and  [15],  Comp-B3, 
Comp-B,  pressed  TNT,  Tetryl,  and  H-6  should  be  instrumented  with  thermocouples 
and  shock  loaded  at  various  levels.  If  the  present  postulations  are  valid, 
these  explosives  would  exhibit  an  increase  in  thermocouple  response  near  the 
Pgf  pressure  level. 

C.  Tests  have  been  conducted  on  pure  metals  (iron,  copper,  and  aluminum) 
which  were  Instrumented  with  thermocouples  and  shock  loaded  to  rather  high 
pressures  via  Impact  [16]  and  [17].  Similar  tests  should  be  systematically 
conducted  at  lower  shock  pressures  (30  to  150  kilobars)  to  ascertain  if  they 
exhibit  a  thermocouple  output  pressure  threshold  response  point  such  as  ob¬ 
served  for  PMMA  and  PBX-9404  near  the  computed  Pgf  magnitude.  Vf  values  for 
iron,  copper  and  aluminum  are  given  in  [2].  Shock  and  particle  velocity 
Information  (Co  and  S)  for  these  metals  are  given  in  [3].  Thus,  Pgf*  for 
iron,  copper  and  aluminum  can  be  computed  and  compered  with  any  appropriate 
experimental  results.  This  would  provide  a  severe  test  for  the  crystal  lat¬ 
tice  fracture  shock  pressure,  Pgf,  criteria. 

D.  Information  on  the  variation  of  the  longitudinal  (C^)  and  transverse 
(C^)  elastic  wave  velocities  as  a  function  of  density  for  certain  explosives 
should  be  acquired,  via  experimentation  if  necessary.  Information  on  the 
variation  of  Ug,  Vg,  and  Up  as  a  function  of  density  is  also  required.  Then 
exact  values  of  Vg,  Ugf,  and  Pgf  as  a  function  of  density  could  be  computed 
and  compared  with  experimental  data  Such  as  shown  in  Figures  2  and  3. 

E.  The  computation  of  Vf  via  Eq.  (3),  could  possibly  be  refined  to  take 
into  account  atoms  and  combinations  of  atoms,  and  their  associated  minimum 
crystal  lattice  slip  distance,  which  might  warrant  special  attention.  This, 
of  course,  applies  to  compounds  and  mixtures.  In  the  present  Investigation, 
average  values  were  computed  for  the  mass  of  an  atom  and  the  distance  between 
them.  See  Appendix  A  for  these  calculations.  More  sophisticated  computations 
of  a^v  and  d|^,  should  be  attempted,  for  example,  to  delineate  differences  In 
heterogeneous  and  homogeneous  materials. 
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F.  Permanent  lattice  distortion  or  plastic  flow  occurs  for  particle 
velocities  between  V]^  (Eq-  (3))  and  Vf  (cq.  (1)).  Consequently,  reactions  in 
explosives  (ignition,  burning,  and  even  detonation)  can  occur  in  this  regime. 
This  is  a  prime  topic  for  further  investigation. 

G.  The  present  analysis  has  not  addressed  any  transient  or  time  depend¬ 
ent  phenomena  such  as  the  critical  energy  criteria  [18].  However,  an  investi¬ 
gation,  based  on  concepts  presented  in  [2],  should  be  done  to  ascertain  if  the 
observed  time  dependence  is  related  to  the  particle  wave  motion  in  a  lattice 
structure . 


H.  Reference  [21],  with  its  comprehensive  review  and  reference  list,  is 
a  prime  source  of  topics  which  should  be  Investigated  with  respect  to  shocked 
crystal  lattice  disintegration  Influences.  For  instance,  the  authors  believe 
that  certain  solid-stated  shock  induced  phase  changes  [22],  and  shock  Induced 
increased  chemical  reactivity  [23],  may  be  caused  by  the  crystal  lattice  frag¬ 
mentation  phenomena.  Lattice  breakup  and  its  accompanlng  self-sustained  phonon 
fission  and  increased  heating  are  plausible  physical  conditions  for  phase 
changes,  increased  chemical  reactivity,  and  different  electronic  character¬ 
istics  to  occur. 


r. 


TABLE  1.  Shocked  Macerlal  Infovinanoi. . 


MATERIAL 

£0 

Grams 

cm^ 

Co 

cm 

U-sec 

S 

SOURCE 

Comp-B3 

1.700 

0.303 

1.73 

Ref. 

(M 

Comp-B 

1.700 

0.295 

1.67* 

Ref. 

1^1 

TNT  (Pressed) 

1.635 

0.208 

2.35 

Ref. 

15] 

PBX-9404 

1.842 

0.245 

2.48 

Ref . 

(5) 

H-6 

1.750 

0.283 

1.70 

Ref. 

(7] 

Plexiglas  II, 
UVA  (PMMA) 

1.180 

0.268 

1.61 

Ref. 

[6] 

Tetryl 

1.70 

0.2476 

1.416 

Ref . 

120] 

Tetryl** 

1.50 

0.020 

4.50 

Ref. 

120] 

*S  was  modified  from  1.58  to  1.67. 

**  For  this  density,  Ug  versus  Up  for  Tetryl  is  nonlinear,  however,  for  shock 
velocities  less  than  0.19  cm/ysec  the  above  linearization  matches  the  ex¬ 
perimental  data. 
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Rt- suits  for  Vf,  Vc-,  nnd 
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velocity  d.’t.T  for  Tetryl  with  r,,  -  1.68  Ctam/cn  ’  were  employed  to  compute 


TABLE  3.  Theoretical  and  Experimental  Reactive  Shock  Information  Tabulation. 


Mater  ial 

I'sf 

TABLE  2 

cm 

u-sec 

1*81 

TABLE  2 
KBar 

Exper. 

Data 

cm/p-eec 

or 

KBar 

Exper. 

Source 

Remarks  WRT 
Exper.  Data 

Comp-B3 

Po  -1-71 
G/cc 

0.3751 

26.59 

Pq  -  22.0 

Ref.  9 
(TABLE  11) 

Critical  detonation 
Initiating  pressure 
from  LSGT*  oq  * 

1.72  G/cc 

Pr  =  33.0 

Ref.  10 
(Pig.  7) 

Large  reaction 
threshold  In  LASI 
tests** 

Po  »  1.702  G/cc 

Comp-B 

Po  ■*^■•71 
G/cc 

0.3631 

25.16 

Pd  -  24.1 

Ref.  9 
(TABLE  11) 

Critical  detonation 
Initiating  pressure 
from  LSGT.  ■ 

1.70  G/cc 

TNT 

(Pressed) 

Po  =  1-635 
G/cc 

0.2959 

18.09 

Pr  -  14.0 

Ref.  11 
(Fig.  4) 

Coarse  Grain 

Po  1.55  G/cc 

Pr  -  15.0 

Po  -  16.1 

Ref.  11 
(Fig.  4) 

Fine  Grain 

Po  ■  1.55  G/cc 

Ug  -  0.31 

Ref.  12 
(Fig.  10) 

Assymtotic  shock 
velocity  for  both 
coarse  and  fine 
grains.  pq  - 
1.55  G/cc 

Pg  -  24.0 

Ref.  9 
(App.  C) 

Pg  from  LSGT. 

Po  “  1.60  G/cc 
(97S;  TMD) 

Ref.  9 
(App.  C) 

Pg  from  LSGT 

Po  ■  1.640  G/cc 
(99%  TMD) 

Pgr  -  20.0 

Ref.  13*** 
(Fig.  5) 
(TABLE  2) 

Reaction,  Mod.  Gap 
Test,  Po  =  1.60  G/cc 

Ref.  13 
(Fig.  5) 
(TABLE  2) 

Detonation,  Mod.  Gap 
Tests,  Po  -  1.60 

G/ cc 

PBX-9404 

Po  -  1.835 
G/cc 

0.3469 

26.16 

Pr  -  30.0 

Ref.  14 

Large  Reaction  thres¬ 
hold  for  thermocouple 
response  pQ  "  1.84 

G/ cc 

Pfi  -  16.0 

Pd  -  34.0 

Ref.  8 
(TABLE  2) 
Ref.  8 
(TABLE  2) 

Burning,  pq  - 
1.83  G/cc 

Detonation , 

Po  “  1.83  G/cc 

_ 

J 1 


TABLE  3.  Theoretical  and  Experimental  Reactive  Shock  Information 
_ Tabulation  .  (Continued) _ _ 


Material 

Usf 

cm 

y-sec 

Psf 

KBar 

Exper . 
Data 
cm/y-sec 
or 

KBar 

Exper. 

Source 

Remarks  WRT 
Exper.  Data 

H-6 

Po  “I* ** *** 75 
G/cc 

0.349A 
(TABLE  2) 

23.87 
(TABLE  2) 

Pg  -  21.0 

Ref.  10 
(Fig.  9) 

Pg  from  LSGT 

Pq  “  1.77  G/cc 

Pr  40.0 

Ref.  10 
(Fig.  9) 

Large  reaction 
threshold  in 
LASI  tests 

Pq  =  1.77  G/cc 

Pg  =  20.0 

Ref.  9 
(App.  C) 

Pg  from  LSGT 

Pq  =  1.76  g/cc 
PRESSED  H-6 

Pg  ■»  30.0 

Ref.  9 
(App.  C) 

Pg  from  LSGT 

Po  =  1.75  G/cc 
Cast  H-6 

Plexiglas 

II,  UVA 
(PMMA) 

Po  “  I'lS 
G/cc 

0.3510 
(TABLE  2) 

21.36 
(TABLE  2) 

Pr  =  20.0 

Ref.  15 
(Fig.  5) 

Large  Reaction 
Threshhold  for 
thermocouple 
output . 

Po  ■  1.18  G/cc 

Tetryl 

Po  ■  ^*68 

G/ cc 

0.2959 
(TABLE  2) 

17.00 
(TABLE  2) 

Pg  -  15.5 

Ref.  9 
(Fig.  4) 

LSGT,  Estimated 
Po  ”  1.68  G/cc 

P50  -  17.5 

Ref.  19 

(P.  ClAl) 

SSGT,****  Exp, 
Data 

Po  ”  1.687  G/cc 

0.1794 
(TABLE  2) 

9.53 

(TABLE  2) 

Pg  -  10.0 

Ref.  9 
(Fig.  4 
and 

App.  C) 

Pg  from  LSGT 

Po  -  1.491  G/cc 

*  LSGT  -  Large  Scale  Gap  Tests  (Ref.  9). 

**  LASI  -  Low  Amplitude  Shock  Initiation  Tests  (Ref.  10). 

***  Reference  13  states  that  PgR  (Reaction  Pressure)  is  sufficient 
to  cause  detonation,  if  the  specimen  is  large  enough. 

****  SSGT  -  Small  Scale  Gap  Tests  (Ref.  19). 
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Figure  2.  Psr  comparison  with  test  results  for  tetryl 
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APPLNUIX 

COMPUTATION  OF  iTt^^  AND  FOR  CHEMICAL  COMPOUNDS 

AND  MIXTURES  OF  COMPOUNDS 


The  oolid  materials  considered  In  this  study  were  either  chemical  com¬ 
pounds  (TNT,  Tetryl,  and  PMMA)  or  mixtures  of  cnemlcal  compounds  and  pure 
elements.  For  these  compounds  and/or  mixtures,  the  weighted  average  mass, 
raav>  ®  single  atom  in  the  material  was  desired. 

First,  it  was  necessary  to  compute  the  mass  of  a  single  atom  for  each  of 
the  elements  contained  in  the  solid.  Each  solid  was  composed  of  one  or  more, 
but  not  all,  of  the  following  elements: 

Carbon,  C;  Hydrogen,  H;  Nitrogen,  N; 

Oxygen,  0;  /lumlnom,  Al;  Calcium,  Ca; 

Chlorine,  Cl;  Phosphorous,  P;  Flourine,  F. 

The  mass  of  a  single  atom  of  chese  elements  is: 

MW  Grams/Gram-Mcle 
Atoms /Gram-Mole 


Grams  (A-1) 

Atom 


Where : 


MW 


Molecular  Weight, 


Grams 

Gram-Mole 


^av 


Avogadros  Number 


6.02217  x  10^^ 


Atoms 

Gram-Mole 


Table  A-1  lists  MW  and  m  for  each  of  the  elements  in  the  above  list. 

To  compute  the  average  weight  (mgy)  of  an  atom  in  the  material,  the  chemi¬ 
cal  formula  or  proportional  chemical  composition  must  be  known.  Of  course, 
the  weight  (tn)  of  each  elemental  atom  must  also  be  known,  since  mgy  is  just  a 
weighted  average  of  the  elemental  atoms  in  the  material. 

When  m^y  is  computed,  then  the  average  space  between  atoms  (dj^  )  is  given 
by  Eq.  (9)  in  the  main  text. 


av 


(9) 


Computations  of  m^y  and  dj^  for  the  materials  considered  in  this  analysis 
are  shown  in  the  following  texfY  Chemical  composition  information  for  the 
explosives  was  obtained  from  [7].  Similar  Information  for  the  inert  material 
(PMMA)  was  found  in  [6] .  Values  of  Ngy  and  MW  are  from  various  chemistry 
textbooks  and  handbooks. 


A-1 


TABLE  A-1.  Mass  Of  A  Single  Atom  For  Selected  Elements. 


Element 

MW 

Gtams 

Atoms 

m 

Grams 

Gram-Mole 

Gram-1 

'iole 

Atom 

Carbon,  C 

12.011 

6.02252(1023) 

1.9943(10-23) 

Hydrogen,  H 

i.008 

0.1674(10-23) 

Nitrogen,  N 

14.008 

2.3259(10-23) 

Oxygen,  0 

16.00 

2.6567(10-23) 

Aluminum,  A1 

26.98 

4.4800(10-23) 

Calcium,  Ca 

40.08 

6.6554(10-23) 

Chlorine,  Cl 

35.45 

5.8874(10-23) 

Phosphorous,  P 

30.97 

5.1432(10-23) 

Flourine,  F 

18.9984 

3.154b(10”23) 

-2 


o 


*>  1.70  Grams /cm^ 

Chemical  Composition:  C2,05  ^2.51  ^2.15  ^2.67 


C2.05, 

2.05  *  1.9943 

(10-23) 

-  4.0884 

(10-23) 

Grams 

H2.51, 

2.51  *  0.1674 

(10-23) 

-  0.4201 

(10-23) 

Grams 

N2.15, 

2.15  *  2.3259 

(10-23) 

-  5.0008 

(10-23) 

Grams 

02.67, 

2.67  *  2.6567 

(10-23) 

=■  7.0943 

(10-23) 

Grams 

9.38  Atoms 

16.6027 

(10-23) 

Grams 

“av  = 

16.6027(10-23 

1 

9.38 

1.7700  (10-23 

)  Grams 

Atom 

3 

di  ” 

^av 

“av  _  17  .700 
Po 

(10-2^) 

= 

10.4118  (10-2^)  cm3 

di  = 

^av 

2.1839  (10-®) 

cm 

Comp  - 

B:  Po  =  1.70 

Grams/cm3 

Chemical  Composition 

:  02.03 

H2.64  ^2, 

,18  0»2.67 

02.03, 

2.03  *  1.9943 

(10-23) 

-  4.0434 

(10-23) 

Gr  am^s 

H2.64, 

2.64  *  0.1674 

(10-23) 

-  0.4419 

(10-23) 

Grams 

^2.18. 

2.18  *  2.3259 

(10-23) 

-  5.0705 

(10-23) 

Grams 

02.67. 

2.67  *  2.6567 

(10-23) 

-  7.0934 

(10-23) 

Grans 

9.52  Atoms 

16.6542 

(10-23) 

Grams 

16.6542  (10-23 

1 

®av  “  ■ 

9.52 

a 

1.7494  (10-23 

)  Grams 

Atoms 


3  _  ^  _  17.A94  (10-2^ 

lav  po  !• 


-  10.2906  (10-2^)  cm^ 

di  “  2.1751  (10”®)  cm 
^av 


TNT:  Po  “  1.635  Grams /cm^ 

Chemical  Composition:  C7  H5  N3  O5 


C7,  7  *  1.99A3  (10”23)  -  13.9601  (10“23) 

H5,  5  *  0.167A  (10-23)  _  0.8370  (10-23) 

N3,  3  *  2.3259  (10-23)  _  6.9777  (10-23) 

06,  6  *  2.6567  (10-23)  -  15.9A02  (10-23) 

IT  Atoms  37.7150  (10-23) 


37.7150  (10-23) 


-  1.79595  (10-23)  Grama 

Atom 

3  _  ^  _  17.9595  (10-2^) 

^av  po  1*635 

•“  IO.03AA  cm3 

di  -  2.2229  (10-®)  cm 
^av 


A-A 


Grams 

Grams 

Grams 

Grams 

Grams 


PBX  -  9404; 


Pq  ■  1.835  Grams/cm^ 


Chemical  Composition:  Ci.^q  H2.75  ^2,57  02.69  Clo.03  PQ.OI 


0l.40 

1.40 

*  1.9943 

(10-23) 

-  2.79202 

(10-23) 

Grams 

H2.75 

2.75 

*  0.1674 

(10-23^ 

-  0.46035 

(10-23) 

Grams 

N2.57 

2.57 

*  2.3259 

(10-23) 

-  5.97756 

(10-23) 

Grams 

02.69 

2.69 

*  2.6567 

(10-23) 

-  7.14652 

(10-23) 

Grams 

^l0.03 

0.03 

*  5.8874 

(10-23) 

-  0.17662 

(10-23) 

Grams 

Po.oi 

0.01 

*  5.1432 

(10-23) 

-  0.05143 

(10-23) 

Grams 

9.45 

Atoms 

16-60450 

(10-23) 

Grams 

®av  * 

16.6045 

9. 

(10-23) 

45 

m 

1.7571 

(10-23) 

Grams 

Atom 

3 

^lav 

“av 

17.571  (10-2^) 

^  " 

1.835 

- 

9.5754 

(10-24) 

cm3 

2.1235 

(10-8) 

cm 

H-6 ;  Pq  •  1.75  Grams/cm^ 

Chemical  Composition:  C1.89  H2.59  Ni.ei  O2.oi  ^^0.74  Cao.005  Clo.o09 


Cl. 89 

1.89 

* 

1.9943 

(10-23) 

- 

3.7692 

(10-23) 

Grams 

H2.59 

2.59 

* 

0.1674 

(10-23) 

m 

0.4336 

(10-23) 

Crams 

Ni.61 

1.61 

A 

2.3259 

(10-23) 

a 

3.7447 

(10-23) 

Grams 

C2.OI 

2.01 

* 

2.6567 

(10-23) 

m 

5.3400 

(10-23) 

Grams 

AIo.74 

0.74 

* 

4.4800 

(10-23) 

m 

3.3152 

(10-23) 

Crams 

Cao.005 

0.005 

* 

6.6554 

(10-23) 

m 

0.0328 

(10-23) 

Grams 

A-5 


ClO.009  0*009  *  5.8874  (10"23)  <.  0.0530  (10“23)  Grams 


8.854  Atoms  16.6685  (10"23) 


“av  ■ 


16.6885  (10~23) 
8.854 


-  1.8849  (10-23) 


Grama 

Atom 


3 


dl 


av 


“av  18.849  (10“2^) 


-  10.7712  (10-2^)  cni3 
■  2.2085  (10“®)  cm 


TETRYL;  pQ  •  1.68  Grama/cm3 
Chemical  Composition:  C7  H5  N5  Og 


C7,  7  *  1.9943  (10-23)  -  13.9601  (10-23)  crama 

H5,  5  *  0.1674  (10-23)  .  0.8370  (10"23)  Grams 

N5,  5  *  2.3259  (10-23)  .  n.6295  (10-23)  Grams 

Og,  8  *  2.6567  (10-23)  .  21.2536  (10-23)  Grams 

25  Atoms  47.6802  (10-23)  Grams 


®av 


47.6802  (10-23) 
25 


-  1.9072  (10-23) 

Atom 

^3  ^  ^  ^  19.072  (10-24) 

^flv  "  Po  "  1.68 

-  11.3524  (10-2^)  cm3 

-  2.2475  (10-®)  cm 


A-6 


Grams 


POLYMETHYL  -  METHACRYLATE  (PMMA) 
(PLEXIGLAS  TYPE  II,  UVA) 


Pq  ■  1.18  Gram 


Chemical  Composition:  (C5  H3  02)n 


C5,  5 

*  1.9943  (10-23) 

-  9.9715 

(10-23) 

00 

00 

X 

*  0.1674  (10-23) 

-  1.3392 

(10-23) 

0 

1 

*  2.6567  (10-23) 

-  5.3134 

0 

U> 

15 

Atoms 

16.6241 

(10-23) 

fflav  “ 

16.6241  (10~23) 

15.0 

- 

1.1083  (10-23) 

Grams 

Atom 

3 

di  ■ 

iav 

®av  _  11.083  (10-2^) 

Pq  1.18 

9.3924  (10-2/*) 

cm3 

di  - 

^av 

2.1099  (10-8)  , 

cm 

Crams 

Grams 

Grams 

Crams 


A-7/(A-8  blank) 
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